INTRODUCTION {#s1}
============

In most mammals, including humans, the testes are located in the scrotum outside the main body cavity to maintain a lower-temperature environment for normal spermatogenesis \[[@R1]\]. However, the testicular thermoregulation balance can be disrupted by several endogenous and exogenous factors. Cryptorchidism and varicocele are the main endogenous factors that lead to testicular hyperthermia and affect normal spermatogenesis \[[@R2], [@R3]\]. Scrotal heat stress from occupational exposure to high environmental temperatures, such as that experienced by welders and drivers, can have a deleterious effect on spermatogenesis \[[@R4], [@R5]\].

Hot tubs are popular in China and can be enjoyed in various places, including hotels, holiday resorts, scenic spots, and even at home \[[@R6]\]. Most hot tub enthusiasts are attracted by commercial advertisements that exaggerate the health effects of hot tubs, with no concern for the potential damage to reproduction. The temperature in a hot tub generally varies from 37°C to 45°C, which is much higher than the normal scrotal temperature. In our previous clinical study, we simulated a hot tub environment and exposed healthy adult volunteers to scrotal hyperthermia at 43°C ten times for 30 min each, once daily or once every 3 days \[[@R6], [@R7]\]. We found an obvious decrease in sperm concentration, total sperm count, sperm motility, and sperm function after scrotal hyperthermia. Sperm DNA integrity was also severely damaged \[[@R6], [@R7]\]. Studies have indicated that heat stress--induced spermatogenic impairment is mainly due to mitochondria-dependent germ cell apoptosis \[[@R6], [@R8], [@R9]\]. Nevertheless, the complicated process of apoptosis is regulated by many factors, and the molecular mechanisms that underlie this process are still largely unknown.

Rocha et al. \[[@R10]\] investigated the effect of testicular hyperthermia on ram semen plasma proteome using two-dimensional SDS-PAGE and mass spectrometry (2DE-MS) and found a series of protein targets involved in sperm protection, maturation, and fertilization. Another two studies have revealed the molecular mechanism of heat-induced spermatogenic impairment in mouse and human testes, respectively \[[@R11], [@R12]\]. Both studies were based on 2DE-MS techniques, which are less sensitive and less effective than the isobaric tags for relative and absolute quantification (iTRAQ) -based proteomic method for identifying specific proteins, very small or large proteins, proteins expressed at very low levels, and membrane proteins \[[@R13], [@R14]\]. In current proteomics research, the method used to quantify proteins has developed into a combination of iTRAQ and liquid chromatography--tandem mass spectrometry (LC--MS/MS) \[[@R15]\]. iTRAQ has relatively high throughput and simultaneously provides information on protein quantitation and identification \[[@R13], [@R14]\]. The aim of this study was to use iTRAQ proteomic technology to analyze the proteins expressed in rhesus monkey testes at the early stage of spermatogenic damage and at the recovery stage after scrotal hyperthermia. Some key differentially expressed proteins and potential pathways were revealed for further study to clarify the underlying mechanisms involved in heat stress--induced spermatogenic impairment.

RESULTS {#s2}
=======

Sperm parameters and reproductive hormone levels {#s2_1}
------------------------------------------------

Semen from three monkeys was collected and examined. The sperm concentration before scrotal hyperthermia was 66.5 ± 13.0 × 10^6^/ml. The concentration decreased obviously from day 15 after hyperthermia, reaching 0.5 ± 0.3 × 10^6^/ml, approached 0 at days 30 and 45 (both *p* \< 0.01 when compared with baseline levels), and recovered to baseline at day 60 (81.0 ± 20.2 × 10^6^/ml). Progressive sperm motility also showed an obvious decrease after hyperthermia and had recovered to baseline at day 60 after hyperthermia. This parameter was not analyzed at days 30 and 45 due to the extremely low sperm concentration. No obvious change was observed in total sperm motility among these observation time points, as shown in Figure [1A-1C](#F1){ref-type="fig"}. The serum FSH, LH, and TT levels are presented in Figure [1D-1F](#F1){ref-type="fig"}. No significant differences were observed in the levels before and after heat treatment.

![Sperm parameters and reproductive hormone levels before scrotal hyperthermia and at different time points after hyperthermia\
**(A)** sperm concentration; **(B)** progressive sperm motility; **(C)** total sperm motility; **(D, E** and **F)** represent FSH, LH, and total testosterone levels, respectively. N=3 for sperm parameter analysis; N=8 for reproductive hormone test.](oncotarget-08-85909-g001){#F1}

Testicular histology {#s2_2}
--------------------

Testicular histology was examined after HE staining. The results are presented in Figure [2](#F2){ref-type="fig"}. The structure of seminiferous epithelium was disrupted at day 8 after hyperthermia with some germ cell sloughing from Sertoli cells. There were also some mature spermatozoa in the lumen during this period, whereas no obvious change was observed in the interstitial space. At days 15 and 30 after treatment, most germ cells had been lost from the seminiferous epithelium, and no obvious change was seen in the Sertoli cells. The structure of the seminiferous epithelium started to recover between days 45 and 75 and had completely recovered to normal by day 90. We analyzed the diameter of seminiferous tubules and the thickness of germinal epithelium, the results showed that the tubule diameter decreased significantly at day 15, 30 and 45 (all *p*\<0.01) and tended to recover at day 60. The thickness of seminiferous tubules decreased significantly at day 15, 30, 45 and 60 (all *p*\<0.01), and totally recovered to baseline at day 75.

![Testicular histology before scrotal hyperthermia and at different time points after hyperthermia\
**(A)** representative pictures of testicular morphology; **(B)** quantitative analysis of the diameter of seminiferous tubules and the thickness of germinal epithelium. \*\*, *p*\<0.01 when compared to baseline, for the diameter of seminiferous tubules; ^\#\#^, *p*\<0.01 when compared to baseline, for the thickness of germinal epithelium. Scale bar=50 μm. For each time point, n=4.](oncotarget-08-85909-g002){#F2}

Identification and quantification of differentially expressed proteins {#s2_3}
----------------------------------------------------------------------

In total, 5319 proteins were detected by proteome analysis, 3769 of which were trusted proteins when taking FDR \<1% and matched peptides \>1 as the standard. After quantitatively comparing the proteome profiles of the testes samples collected at different time points, we found that 101 proteins were expressed differentially before treatment and day 8 after treatment, of which 35 were up-regulated (\>1.5-fold change, *p* \<0.05) and 66 were down-regulated (\<0.67-fold change, *p* \< 0.05). There were also 24 proteins that were expressed differentially before treatment and day 60 after treatment, of which 23 were up-regulated and one was down-regulated, as shown in Table [1](#T1){ref-type="table"}. Detailed information about the differentially expressed proteins identified at days 8 and 60 is presented in Tables [2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}, respectively.

###### Identification of differentially expressed proteins in monkey testes after heat treatment

                                                      Day 8/pre-treatment   Day 60/pre-treatment
  --------------------------------------------------- --------------------- ----------------------
  No. of upregulated proteins                         35                    23
  No. of downregulated proteins                       66                    1
  Total number of differentially expressed proteins   101                   24

###### List of differentially expressed proteins on monkey testis collected at day 8 post-treatment compared with pre-treatment

  Protein                                                                                       Gene              Peptides   Fold change   p-value
  --------------------------------------------------------------------------------------------- ----------------- ---------- ------------- ---------
  Histone H2B, testis                                                                           HIST1H2BA         8          0.28          0.025
  PREDICTED: y-box-binding protein 2-like                                                       YBX2              13         0.38          0.000
  PREDICTED: KH domain-containing, RNA-binding, signal transduction-associated protein 1-like   KHDRBS1 (Sam68)   5          0.44          0.002
  calmegin precursor                                                                            CLGN              18         0.46          0.000
  PREDICTED: hypothetical protein LOC701574                                                     HIST1H2AG         15         0.48          0.000
  PREDICTED: high mobility group protein B2-like                                                HMGB2             4          0.50          0.001
  PC4 and SFRS1-interacting protein isoform 2                                                   PSIP1             7          0.50          0.000
  heterogeneous nuclear ribonucleoprotein F                                                     HNRNPF            9          0.50          0.000
  RecName: Full=Histone H1t; AltName: Full=Testicular H1 histone                                HIST1H1T          9          0.51          0.014
  heat shock-related 70 kDa protein 2                                                           HSPA2             59         0.52          0.000
  Caltractin isoform 2                                                                          CETN1             4          0.52          0.037
  acylphosphatase-1 isoform a                                                                   ACYP1             3          0.52          0.001
  PREDICTED: LOW QUALITY PROTEIN: uncharacterized protein C1orf14-like                          SHCBP1L           10         0.53          0.000
  L-lactate dehydrogenase C chain                                                               LDHC              16         0.54          0.000
  ATP-dependent RNA helicase DDX39                                                              DDX39A            15         0.55          0.001
  PREDICTED: heterogeneous nuclear ribonucleoprotein A3-like isoform 3                          HNRNPA3           18         0.55          0.000
  prostaglandin E synthase 3                                                                    PTGES3            7          0.56          0.004
  PREDICTED: reticulocalbin-2                                                                   RCN2              16         0.56          0.002
  heterogeneous nuclear ribonucleoprotein C (C1/C2)                                             LRRC46            21         0.57          0.000
  hypothetical protein EGK_08462                                                                LRRC46            8          0.57          0.002
  heat shock protein 90kDa alpha (cytosolic), class A member 1                                  HSP90AA1          66         0.57          0.000
  GLIPR1-like protein 1                                                                         GLIPR1L1          12         0.57          0.000
  40S ribosomal protein S7                                                                      RPS7              4          0.58          0.030
  cold-inducible RNA-binding protein                                                            CIRBP             7          0.58          0.002
  heterogeneous nuclear ribonucleoproteins A2/B1                                                HNRNPA2B1         26         0.58          0.000
  WD repeat-containing protein 62 isoform 1                                                     WDR62             4          0.58          0.010
  calmodulin                                                                                    CALM1             14         0.59          0.000
  serine/arginine-rich splicing factor 2                                                        SRSF2             6          0.59          0.007
  small ubiquitin-related modifier 2 isoform a precursor                                        SUMO2             2          0.59          0.003
  hepatoma-derived growth factor-like protein 1                                                 HDGFL1            5          0.60          0.008
  Histone H1d                                                                                   HIST1H1D          7          0.60          0.010
  leucine zipper transcription factor-like protein 1                                            LZTFL1            15         0.60          0.000
  putative ATP-dependent RNA helicase DDX4 isoform 1                                            DDX4              27         0.61          0.000
  PREDICTED: ecto-ADP-ribosyltransferase 3-like isoform 2                                       ART3              9          0.61          0.004
  hypothetical protein EGK_16207                                                                TKTL2             15         0.63          0.000
  PREDICTED: signal recognition particle 14 kDa protein-like                                    SRP14             2          0.63          0.030
  uncharacterized protein LOC704570                                                             C6orf211          4          0.63          0.002
  testis-expressed sequence 30 protein                                                          TEX30             2          0.63          0.011
  hypothetical protein EGK_02694                                                                BANF2             1          0.64          0.017
  hypothetical protein EGK_10689                                                                TEX101            6          0.64          0.031
  hypothetical protein EGK_04360                                                                PIWIL1            18         0.64          0.000
  sperm surface protein Sp17                                                                    SPA17             6          0.64          0.048
  heterogeneous nuclear ribonucleoprotein K                                                     HNRNPK            29         0.64          0.000
  14-3-3 protein epsilon                                                                        YWHAE             26         0.64          0.000
  60S ribosomal protein L23                                                                     RPL23             6          0.64          0.012
  PREDICTED: ELAV-like protein 1 isoform 4                                                      ELAVL1            11         0.64          0.004
  hypothetical protein EGK_04675, partial                                                       PPIL3             2          0.64          0.019
  Aly/REF export factor                                                                         ALYREF            7          0.65          0.030
  hypothetical protein EGK_03075                                                                ST13              11         0.65          0.001
  transformer-2 protein homolog beta                                                            TRA2B             5          0.65          0.024
  histone H2A.x                                                                                 H2AFX             8          0.65          0.001
  DAZ-associated protein 1 isoform b                                                            DAZAP1            9          0.65          0.000
  hypothetical protein EGK_04363                                                                RAN               6          0.66          0.010
  L-lactate dehydrogenase A-like 6B                                                             LDHAL6B           9          0.66          0.047
  T-complex protein 1 subunit zeta-2, partial                                                   CCT6B             21         0.66          0.000
  ruvB-like 1                                                                                   RUVBL1            13         0.66          0.001
  peroxiredoxin-5, mitochondrial isoform a precursor                                            PRDX5             9          0.66          0.009
  heat shock 70 kDa protein 4L                                                                  HSPA4L            50         0.66          0.000
  ATPase inhibitor, mitochondrial                                                               ATPIF1            2          0.66          0.009
  dr1-associated corepressor                                                                    DRAP1             1          0.66          0.011
  peptidylprolyl isomerase D                                                                    PPID              19         0.67          0.000
  hypothetical protein LOC340277 isoform 1                                                      FAM221A           4          0.67          0.005
  glutathione S-transferase M3                                                                  GSTM3             31         0.67          0.000
  X-ray repair cross-complementing protein 6                                                    XRCC6             25         0.67          0.000
  hypothetical protein EGK_12573                                                                44M2.3            7          0.67          0.006
  Ubiquilin-3                                                                                   UBQLN3            2          0.67          0.042
  epoxide hydrolase 1                                                                           EPHX1             13         1.50          0.000
  tubulointerstitial nephritis antigen-like isoform 1 precursor                                 TINAGL1           7          1.50          0.028
  PREDICTED: complement component C9                                                            C9                6          1.51          0.000
  RAC-alpha serine/threonine-protein kinase                                                     AKT1              2          1.51          0.048
  guanine nucleotide-binding protein G(q) subunit alpha                                         GNAQ              4          1.53          0.046
  dipeptidase 1 precursor                                                                       DPEP1             9          1.54          0.028
  tropomyosin beta chain isoform 2                                                              TPM2              20         1.56          0.000
  thioredoxin                                                                                   TXN               6          1.57          0.021
  beta-hexosaminidase subunit alpha precursor                                                   HEXA              4          1.59          0.049
  Plectin                                                                                       PLEC              107        1.60          0.012
  N-acylethanolamine-hydrolyzing acid amidase isoform 1 precursor                               NAAA              4          1.60          0.032
  decorin isoform a preproprotein                                                               DCN               13         1.61          0.001
  PREDICTED: tropomyosin alpha-4 chain isoform 9                                                TPM1              26         1.61          0.003
  immunoglobulin heavy chain                                                                    IGHG1             20         1.61          0.000
  Olfactomedin-like protein 1                                                                   OLFML1            8          1.62          0.001
  PREDICTED: annexin A1 isoform 4                                                               ANXA1             18         1.66          0.000
  plastin-2                                                                                     LCP1              7          1.67          0.002
  adenosine kinase isoform b                                                                    ADK               6          1.69          0.036
  keratin, type II cytoskeletal 8                                                               KRT8              13         1.71          0.002
  Angiotensin-converting enzyme 2                                                               ACE2              10         1.72          0.006
  epidermal retinol dehydrogenase 2                                                             SDR16C5           3          1.74          0.042
  PREDICTED: liver carboxylesterase 1-like                                                      CES1              3          1.77          0.029
  PREDICTED: serpin B6 isoform 7                                                                SERPINB6          2          1.83          0.019
  macrophage-capping protein                                                                    CAPG              7          1.84          0.017
  hypothetical protein EGK_08282, partial                                                       MFAP4             7          1.89          0.003
  calponin-1                                                                                    CNN1              10         2.01          0.000
  hypothetical protein EGK_10576                                                                LGALS7            6          2.02          0.000
  PREDICTED: SID1 transmembrane family member 2 isoform 2                                       SIDT2             17         2.06          0.000
  prolargin precursor                                                                           PRELP             13         2.14          0.000
  hexokinase-2                                                                                  HK2               6          2.17          0.012
  mimecan precursor                                                                             OGN               10         2.21          0.000
  lumican precursor                                                                             LUM               18         2.35          0.000
  PREDICTED: collagen alpha-1(XII) chain-like                                                   COL12A1           2          2.64          0.013
  fibromodulin precursor                                                                        FMOD              3          2.81          0.023
  biglycan preproprotein                                                                        BGN               15         3.22          0.000

###### List of differentially expressed proteins on monkey testis collected at day 60 post-treatment compared with pre-treatment

  Protein                                                Gene        Peptides   Fold change   p-value
  ------------------------------------------------------ ----------- ---------- ------------- ---------
  Histone H2B, testis                                    HIST1H2BA   8          0.60          0.021
  PREDICTED: 60S ribosomal protein L18a-like isoform 2   RPL18A      2          1.51          0.038
  hypothetical protein EGK_18625                         IGHM        5          1.51          0.008
  decorin isoform a preproprotein                        DCN         13         1.52          0.000
  keratin, type II cytoskeletal 8                        KRT8        13         1.52          0.000
  Olfactomedin-like protein 1                            OLFML1      8          1.53          0.003
  hypothetical protein EGK_17543                         ANXA2       27         1.53          0.000
  galectin-1                                             LGALS1      10         1.56          0.000
  hypothetical protein EGK_10576                         LGALS7      6          1.58          0.001
  cochlin precursor                                      COCH        2          1.59          0.022
  thioredoxin                                            TXN         6          1.59          0.004
  hemoglobin subunit beta                                HBB         27         1.59          0.000
  Coagulation factor XIII A chain                        F13A1       6          1.63          0.006
  PREDICTED: annexin A1 isoform 4                        ANXA1       18         1.64          0.001
  hypothetical protein EGK_01534                         APOA2       5          1.64          0.004
  Putative thymosin beta-4-like protein 1, partial       TMSB4X      2          1.64          0.015
  carbonic anhydrase 2                                   CA2         9          1.68          0.000
  hypothetical protein EGK_04859                         COL4A3      4          1.68          0.033
  prolargin precursor                                    PRELP       13         1.75          0.008
  lumican precursor                                      LUM         18         1.97          0.000
  protein S100-A6                                        S100A6      4          2.05          0.015
  immunoglobulin heavy chain                             IGHG1       20         2.12          0.000
  biglycan preproprotein                                 BGN         15         2.22          0.000
  hypothetical protein EGK_08282, partial                MFAP4       7          2.38          0.000

Gene ontology of differentially expressed proteins {#s2_4}
--------------------------------------------------

Gene ontology (GO) analysis was conducted to understand the functional basis of the differentially expressed proteins identified by iTRAQ. Enrichment analysis using the hypergeometric test is used to test whether a GO term is statistically enriched for a given set of genes. The biological process, cell component and molecular function data was the basic information of GO analysis. A total of 113 and 88 biological processes were enriched (*p* \<0.05) for the differentially expressed proteins of day 0 vs day 8 and day 0 vs day 60, respectively. The top 10 enriched processes are shown in Figure [3A](#F3){ref-type="fig"} and [3B](#F3){ref-type="fig"}. Most of the proteins that differed between day 0 and day 8 were those primarily involved in sexual reproduction, fertilization, and gamete generation. The proteins that differed between day 0 and day 60 were mainly those involved in sexual reproduction, gamete generation, and macromolecular complex subunits. There were 23 and 19 cell components enriched (*p* \<0.05) for the differentially expressed proteins of day 0 vs day 8 and day 0 vs day 60, respectively. The top 10 enriched processes are shown in Figure [3C](#F3){ref-type="fig"} and [3D](#F3){ref-type="fig"}. In the molecular function analysis, 30 and 19 processes were enriched for the differentially expressed proteins of day 0 vs day 8 and day 0 vs day 60, respectively. The top 10 enriched processes are shown in Figure [3E](#F3){ref-type="fig"} and [3F](#F3){ref-type="fig"}.

![Gene ontology of differentially expressed proteins identified at days 8 and 60 after scrotal hyperthermia\
Biological process (BP), cell component (CC), and molecular function (MF) are three basic information units of GO analysis. **(A** and **B)** show the top 10 significant BPs enriched for differentially expressed proteins identified at days 8 and 60, respectively. **(C** and **D)** show the top 10 significant CCs enriched for differentially expressed proteins identified at days 8 and 60, respectively. **(E** and **F)** show the top 10 significant MFs enriched for differentially expressed proteins identified at days 8 and 60, respectively.](oncotarget-08-85909-g003){#F3}

KEGG pathway and protein--protein interaction analysis {#s2_5}
------------------------------------------------------

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was conducted to enrich the potential pathways of the identified proteins with differential expression. A total of 14 and 5 pathways (*p* \<0.05) were enriched for the differentially expressed proteins of day 0 vs day 8 and day 0 vs day 60, respectively, as shown in Tables [4](#T4){ref-type="table"} and [5](#T5){ref-type="table"}. The spliceosome was the most significant KEGG pathway for the altered proteins of day 0 vs day 8, with seven proteins (HNRNPA3, HSPA2, TRA2B, ALYREF, HNRNPC, SRSF2, and HNRNPK) involved. Protein--protein interaction (PPI) analysis was performed using the STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) database. [Supplementary Figure 1](#SD1){ref-type="supplementary-material"} show the PPI network combined with KEGG pathways for the differentially expressed proteins of day 0 vs day 8 and day 0 vs day 60, respectively.

###### KEGG pathways enriched for altered proteins identified from day 8 testis tissues compared with pre-treatment

  Pathway Name                                  Pathway ID   Genes                                                  p-value
  --------------------------------------------- ------------ ------------------------------------------------------ ----------
  Spliceosome                                   hsa03040     HNRNPA3, HSPA2, TRA2B, ALYREF, HNRNPC, SRSF2, HNRNPK   3.36E-05
  Estrogen signaling pathway                    hsa04915     GNAQ, HSP90AA1, HSPA2, AKT1, CALM1                     6.68E-04
  Pyruvate metabolism                           hsa00620     LDHC, ACYP1, LDHAL6B                                   2.98E-03
  Adrenergic signaling in cardiomyocytes        hsa04261     GNAQ, AKT1, TPM1, TPM2, CALM1                          3.91E-03
  Glycolysis / Gluconeogenesis                  hsa00010     LDHC, LDHAL6B, HK2                                     1.13E-02
  Systemic lupus erythematosus                  hsa05322     HIST1H2BA, H2AFX, HIST1H2AG, C9                        1.63E-02
  Propanoate metabolism                         hsa00640     LDHC, LDHAL6B                                          2.15E-02
  Cysteine and methionine metabolism            hsa00270     LDHC, LDHAL6B                                          2.82E-02
  Protein processing in endoplasmic reticulum   hsa04141     HSP90AA1, HSPA2, HSPA4L, UBQLN3                        3.08E-02
  Butirosin and neomycin biosynthesis           hsa00524     HK2                                                    3.51E-02
  Alcoholism                                    hsa05034     HIST1H2BA, H2AFX, HIST1H2AG CALM1                      3.83E-02
  Carbohydrate digestion and absorption         hsa04973     AKT1, HK2                                              4.04E-02
  Amoebiasis                                    hsa05146     GNAQ, C9, SERPINB6                                     4.20E-02
  Amino sugar and nucleotide sugar metabolism   hsa00520     HEXA, HK2                                              4.37E-02

###### KEGG pathways enriched for altered proteins identified from day 60 testis tissues compared with pre-treatment

  Pathway Name                              Pathway ID   Genes      p-value
  ----------------------------------------- ------------ ---------- ----------
  Nitrogen metabolism                       hsa00910     CA2        2.49E-02
  Proximal tubule bicarbonate reclamation   hsa04964     CA2        3.36E-02
  Collecting duct acid secretion            hsa04966     CA2        3.93E-02
  Proteoglycans in cancer                   hsa05205     LUM, DCN   4.18E-02
  African trypanosomiasis                   hsa05143     HBB        4.93E-02

Validation of iTRAQ data for selected candidate proteins {#s2_6}
--------------------------------------------------------

The results of immunohistochemical analysis showed that PSIP1, CIRBP, Sam68, and decorin were expressed in both monkey and mouse testes, as shown in Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}. In untreated monkey and mouse testes, a high nuclear expression of CIRBP was noted in the germ cells, mainly localized in spermatocytes and spermatogonia, without immunostaining in the Leydig cells or Sertoli cells. PSIP1 was also expressed in the nuclei of the germ cells and was mainly localized in spermatocytes and spermatids, with little or no immunostaining in the spermatogonia. Similarly, Sam68 was also highly expressed in the nuclei of spermatocytes and spermatids, and immunostaining was also detected in the nuclei of Leydig cells. All three proteins were down-regulated after scrotal hyperthermia without any changes in the cellular localization. The expression level of decorin was very low in normal testes, but a higher expression profile was observed after heat treatment, when it was widely expressed in the cytoplasm of spermatocytes, spermatids, and Sertoli cells, with little staining in the spermatogonia in the monkey testes. However, the pattern of expression in the mouse testes was different from that in monkey testes, with some expression in the Leydig cells and Sertoli cells but little expression in the germ cells.

![Immunohistochemical staining of CIRBP, PSIP1, Sam68, and Decorin on monkey testis\
Two representative pictures (200× and 400×) are shown for each marker. Sc, spermatocyte; Sg, spermatogonia; Se, Sertoli cells; Sd, spermatid; Pb, peritubular cell. For 200× images, scale bar=50 μm; for 400× images, scale bar=25 μm.](oncotarget-08-85909-g004){#F4}

![Immunohistochemical staining of CIRBP, PSIP1, Sam68, and Decorin on mouse testis\
Two representative pictures (100× and 400×) are shown for each marker. Sc, spermatocyte; Sg, spermatogonia; Se, Sertoli cells; Sd, spermatid; Le, Leydig cell; Pb, peritubular cell. For 200× images, scale bar=50 μm; for 400× images, scale bar=25 μm](oncotarget-08-85909-g005){#F5}

Western blotting analysis in the monkey testis was consistent with the iTRAQ results and immunohistochemical analysis. The relative expression levels of CIRBP, PSIP1, and Sam68 were significantly lower at day 8 after treatment than before treatment (*p* = 0.039, 0.037, and 0.043, respectively). Decorin was significantly up-regulated after heat treatment (*p* = 0.014), as shown in Figure [6](#F6){ref-type="fig"}.

![Western blotting results of CIRBP, PSIP1, Sam68, and Decorin on monkey testis analyzed before scrotal hyperthermia and at day 8 after the beginning of hyperthermia\
For each time point, n=4.](oncotarget-08-85909-g006){#F6}

DISCUSSION {#s3}
==========

To our knowledge, this is the first iTRAQ-based proteomic analysis on heat-induced spermatogenic impairment in non-human primates. We attempted to delineate the early testicular cell response to heat treatment and to elucidate the underlying molecular mechanism involved in heat-induced suppression of spermatogenesis.

Similar to our earlier study in humans \[[@R7]\], the suppression of spermatogenesis induced by heat stress was obvious and completely reversible in this study. The sperm concentrations of all three monkeys decreased obviously after heat treatment and exhibited severe oligozoospermia at days 30 and 45 after the first treatment. One of the monkeys even had azoospermia. This was consistent with another study in which monkeys were treated with the same intensity and frequency of scrotal hyperthermia \[[@R16]\]. The serum FSH, LH, and testosterone levels did not change throughout the experiment, indicating that circulating reproductive hormone levels were not affected by the transient heat stress. Our result is consistent with a study published by Lue et al. \[[@R17]\], in which monkeys' testicles were exposed to heat (43°C for 30 min) for 2 consecutive days, which found that testosterone level was not changed after treatment. However, Hou et al. \[[@R18]\] carried out a study in which rats were exposed to a 40°C environment (whole body) for 2 h per day for 7 consecutive days and found that the serum testosterone concentration significantly decreased after treatment, perhaps as a result of damage to the hypothalamus. The different results may be due to differences in heat treatment strategies, duration, and species.

In this study, a total of 101 and 24 proteins were found to be significantly differentially expressed at days 8 and 60, respectively, when compared to baseline. KEGG pathway analysis enriched 14 and 5 potential pathways at days 8 and 60, respectively. These pathways may be critical in the process of heat-induced spermatogenic impairment and the recovery process. Zhu et al. \[[@R11]\] also investigated differentially expressed proteins at the early and recovery stages of heat induced testicular damage in men, by using two-dimensional SDS-PAGE and mass spectrometry (2DE-MS), and found 32 and 26 differentially expressed proteins at week 2 and week 9 after heat treatment, when taking a 1.2-fold change as a standard. However, our study identified more differentially expressed proteins, especially at the early stage of damage. It is worth noting that the standard in our study was 1.5-fold change. It was difficult to compare the enriched pathways between that study and ours, since the bioinformatics analysis between these two studies were different. Nevertheless, both studies enriched spliceosome as one the most significant pathways at the early stage of spermatogenic impairment. In that study, the investigators found that heat stress--induced alteration of heterogeneous nuclear ribonucleoprotein (hnRNP) expression was closely related to germ cell apoptosis \[[@R11]\]. In this study, we found that spliceosome was associated with seven differentially expressed proteins (HNRNPA3, HSPA2, TRA2B, ALYREF, HNRNPC, SRSF2, HNRNPK). The spliceosome is a conserved, very large complex that consists of five small nuclear ribonucleoprotein (snRNP) complexes (U1, U2, U4, U5, and U6) and approximately 150 proteins \[[@R19]\]. The spliceosome removes introns from a transcribed pre-mRNA and thus plays an important role in gene expression \[[@R20], [@R21]\]. Studies have shown that the spliceosome is also critical in normal spermatogenesis. As a component of the spliceosome, U2A loss in germ cells of *Drosophila* testes caused insufficient splicing of mRNAs required for the transition of germ cells from proliferation to differentiation, resulting in the accumulation of mitotic spermatogonia that failed to differentiate into spermatocytes and mature sperm \[[@R22]\]. Alikhani et al. \[[@R23]\] carried out a proteomic analysis on testicular tissue specimens and found that RNA splicing was one of the most significantly altered biological processes in patients with Sertoli cell--only syndrome. Heat exposure altered the expression of some protein components of the spliceosome and resulted in dysfunction of RNA splicing in its target pre-mRNAs. This process may be critical in heat-induced germ cell apoptosis.

Our proteomic analysis also revealed some protein targets and pathways which played important roles in germ cell apoptosis. Heat shock-related 70 kDa protein 2 (HSPA2) and SHC binding and spindle associated 1 like (SHCBP1L) were identified proteins with 0.52 and 0.53-fold change of expression, respectively in our proteomic analysis. Studies showed that SHCBP1L binded to HSPA2, and maintained stability of the spindle \[[@R24]\](a). Both HSPA2 and SHCBP1L gene defencicy led to germ cell apoptosis \[[@R24], [@R25]\]. Protein processing in endoplasmic reticulum was enriched as another significant pathway, indicating that heat stress affected the function of endoplasmic reticulum. It is known that endoplasmic reticulum (ER) dysfunction would lead to ER stress, which is closely related to cell apoptosis \[[@R26], [@R27]\]. Some other metabolism-related pathways like glucolysis/gluconeogenesis, cysteine and methionine metabolism as well as pyruvate metabolism were also enriched as significant pathways during the early stage of testicular damage. These altered metabolism status may also involved in the heat stress-induced spermatogenic impairment.

PSIP1, CIRBP, Sam68, and decorin were selected for validation for the iTRAQ data. Both immunohistochemical analysis and western blotting results were consistent with the iTRAQ results, indicating the reliability of the sample pooling strategy in the proteomic approach. CIRBP is an RNA-binding protein that participates in forming ribonucleoprotein complexes \[[@R28]\]. Nishiyama et al. \[[@R29]\] found the that CIRBP expression was down-regulated at elevated temperatures in germ cells of male mice and humans. Masuda et al. \[[@R30]\] investigated the function of CIRBP using a gene knockout model and showed that a *Cirbp* gene defect obviously suppressed the proliferation of undifferentiated spermatogonia. PSIP1, another RNA binding protein, was expressed in spermatocytes and spermatids. It has been reported that PSIP1 is closely involved in spermatomiosis \[[@R31]\]. Sam68 has also been found to be closely related to spermatogenesis and plays an important role in regulating the expression of meiosis-related genes \[[@R32], [@R33]\]. A lack of Sam68 was found to cause decreased production of spermatozoa, which also displayed dramatic motility defects and were unable to fertilize eggs \[[@R33]\]. Li et al. \[[@R34]\] found a Sam68 expression deficiency in human testes, with maturation arrest at the spermatocyte stage and Sertoli cell--only syndrome in comparison with normal spermatogenesis. Furthermore, decreased expression of Sam68 suppressed germ cell proliferation and induced apoptosis in transfected GC-2spd cells. Decorin in the testis is mainly produced by myofibroblastic peritubular cells in the walls of seminiferous tubules \[[@R35], [@R36]\]. Adam et al. \[[@R35]\] reported an increased concentration of testicular decorin in infertile men, and the increase in decorin may consequently imbalance the paracrine signaling pathways in human testes, which has also been demonstrated in mice and monkeys \[[@R36]\]. It is worthy of note that only four of the differentially expressed proteins were selected for validation of the iTRAQ results; other proteins may also be very important molecular targets involved in heat-induced spermatogenic impairment.

In summary, this study investigated the testicular proteomic profiles of monkeys exposed to transient scrotal hyperthermia. A total of 101 and 24 proteins were found to be differentially expressed at the early and recovery stages of testicular damage respectively, when compared to pretreatment. Most of the identified and differentially regulated proteins at the early stage of damage can be divided into the following categories according to their molecular functions: nucleotide binding, and nucleoside phosphate binding, unfolded protein binding, nucleotide binding, and nucleoside phosphate binding. The most significant pathway for these differentially expressed proteins at the early stage of damage was the spliceosome, with seven proteins involved. CIRBP, PSIP1, Sam68, and decorin were validated and found to be consistent with the proteomic data, indicating the reliability of the proteomic profiles identified in this study. We suggest that the proteins identified in this study play important roles in heat-induced spermatogenic impairment. Further study is required to clarify the roles of these molecular targets in the pathogenesis of heat-induced male infertility.

MATERIALS AND METHODS {#s4}
=====================

Animals and study design {#s4_1}
------------------------

This study was approved by the Animal Care and Use Committee at Fujian provincial Population and Family Planning Research Institute. Eight male adult (8 to 10 years old) rhesus monkeys were obtained and housed at the Fuzhou Primate Research Center, Family Planning Research Institute of Fujian Province. The monkeys were housed in a standard animal facility under controlled temperature (22°C) and photoperiod (12 h of light and 12 h of darkness) with free access to water and food. All monkeys were subjected to scrotal hyperthermia at 43°C for 30 min once daily for 6 consecutive days, as previously described \[[@R16]\]. In brief, after monkeys were anesthetized with an intramuscular injection of ketamine (5 to 10 mg/kg body weight), their scrota were immersed in a thermostatically controlled water bath at 43°C for 30 min. After heat treatment, the animals were dried, examined for any injury to the testes, and returned to their cages. No injuries to the monkeys' scrotal skin were found during this process.

Semen samples, blood, and testes biopsy tissues were collected 2 weeks before scrotal hyperthermia and at days 8, 15, 30, 45, 60, 75, and 90 after the beginning of hyperthermia. To avoid damage from frequent biopsies to the testes, the eight monkeys were randomly divided into two groups, four monkeys in each group. Biopsies were taken alternately from the two groups and also from testes on alternate sides. Thus, for each animal, two biopsies were taken from the left testis and another two from the right testis.

Semen collection and analysis {#s4_2}
-----------------------------

Semen samples were collected using an electronic stimulator provided by the Fuzhou Primate Research Center (self-made). A stimulus was produced when the alternating current sine wave pulse went through a ring electrode. After the monkeys were anesthetized with an intramuscular injection of ketamine (5 mg/kg body weight), the stimulator was lubricated and inserted into the anus to about 9 cm. The stimulator was then electrified every 5 seconds. The penis became erect to ejaculate as the voltage increased from 1.3 V→2.1 V→3.6 V→7.2 V→8.6 V. Each ejaculate included both fluid and coagulum fractions. The sperm concentration and motility were determined from the fluid fraction using a hemocytometer and expressed as ×10^6^/ml. Both progressive sperm motility and total sperm motility were examined. Semen samples from three monkeys were collected and analyzed at each time point.

Blood collection and hormone assay {#s4_3}
----------------------------------

Blood samples were collected from an arm vein while the monkeys were briefly restrained, and serum was separated and stored at −80°C for subsequent assays of follicle stimulating hormone (FSH), luteinizing hormone (LH), and total testosterone (TT) using enzyme-linked immunosorbent assay with kits provided by Cusabio Biotech (Wuhan, China). The lower limits of quantitation for FSH, LH, and TT were 0.2 mIU/ml, 0.5 mIU/ml, and 0.05 ng/ml, respectively. The intra-assay and inter-assay coefficients of variation for these three parameters were all less than 15%.

Testicular biopsy and morphological observation {#s4_4}
-----------------------------------------------

Open testicular biopsies were performed under aseptic conditions, after the monkeys had been anesthetized with ketamine (10 mg/kg body weight). Testicular tissues from each monkey were divided into three samples. One sample was fixed in Bouin's solution immediately for morphological observation, and the remainder was stored at −80°C for gene and protein analysis. Morphological evaluation was performed with hematoxylin and eosin (HE) staining. Briefly, sections from paraffin-embedded tissues were dewaxed in xylene, hydrated through a graded series of decreasing concentrations of alcohol, and stained with hematoxylin and eosin separately. After washing, the slides were dehydrated through a series of graded alcohols and xylene and mounted with neutral resin. Testicular histology was evaluated by quantifying the diameter of seminiferous tubules and the thickness of germinal epithelium as described in other studies \[[@R37], [@R38]\] Briefly, 30 transverse sections of seminiferous tubules from each slide were randomly selected. Diameter of each tubule was measured across the minor axe of its profile with an ocular micrometer calibrated by a stage micrometer. Thickness of germinal epithelium was quantified by measuring the distance from the lumen to the basement membrane. The average value from those 30 tubules were regarded as the value of one specific animal, 4 animals were analyzed at each time point.

iTRAQ analysis {#s4_5}
--------------

### Protein extraction and preparation {#s4_5_1}

Testicular tissues collected before scrotal hyperthermia (day 0) and at days 8, 30, and 60 after hyperthermia were used for iTRAQ analysis. Four tissue samples (30 mg) from each time point were pooled separately. The pooled samples were ground to powder with liquid nitrogen and dissolved in a lysis solution (9 mol/L urea, 4% CHAPS, 1% IPG buffer, 1% DTT) at 30°C for 1 h. Following two centrifugations at 15,000*g* for 15 min at room temperature, the supernatant was collected and the concentrations of the protein extracts were determined by the Bradford method \[[@R39]\]. A sample of 100 μg protein from each pooled sample was used for iTRAQ labeling according to the manufacturer's protocol (ABI System, USA). Briefly, five volumes of cold acetone were added to each sample tube, vortexed and then held at −20°C for 1 h. After centrifugation at 12,000 rpm for 15 min at 4°C, the deposit was collected and dried in a vacuum freeze dryer. Then 50 μl dissolution buffer and 4 μl reducing reagent were added to the deposit and incubated at 60°C for 1 h. Following incubation with 2 μl cysteine-blocking reagents at room temperature for 10 min, the solution was cleaned with a 10-KDa ultrafiltration tube and centrifuged at 12,000 rpm for 20 min. Next, 100 μl dissolution buffer was added to wash the proteins at 12,000 rpm three times for 15 min. After washing, 50 μl trypsin (50 ng/μl) was added and incubated at 37°C for 12 h to digest each sample. After centrifugation at 12,000 rpm for 20 min to collect the peptides, the filter unit was transferred to a new collection tube and 50 μl dissolution buffer was added to centrifuge again, and the two filter solutions were combined for protein labeling.

### Protein labeling and MS analysis {#s4_5_2}

Each iTRAQ reagent was brought to room temperature and spun down to bring the solution to the bottom of the tube before use. Each iTRAQ reagent was dissolved in 150 μl of ethanol, then this reagent was added to 50 μl samples (100 μg peptide) and incubated at room temperature for 2 h, after which 100 μl of Milli-Q water was added to stop the labeling reaction. Then, 1 μl content of each iTRAQ reagent-labeled sample was pooled, cleaned up using a Ziptip, and tested by MALDI-TOF/TOF analysis to ensure the effect of labeling. The samples were pooled, spun, and dried in a vacuum freeze dryer for iTRAQ analysis.

Strong cation exchange (SCX) analysis {#s4_6}
-------------------------------------

Sample fractionation was performed by strong cation exchange (SCX) chromatography on the Agilent 1200 HPLC System. The HPLC column was from Michrom. The parameters were Poly-SEA 5μ 300 Å 2.0 × 150 mm, flow rate 0.5 ml/min with 215 nm and 280 nm UV detection. In brief, the dry sample was re-suspended with 100 μl SCX buffer A (10 mM formic acid, 20% acetonitrile), fractionated, and collected as 12 fractions. The first fraction was collected from 0 to 5 min, another 10 fractions were collected from 6 to 44 min at intervals of 4 min, and the final fraction was collected from 45 to 50 min. Each fraction was dried in a vacuum freeze dryer for LC-MS/MS analysis.

Reversed-phase nanoliquid chromatography--tandem MS (RPLC-MS/MS) analysis {#s4_7}
-------------------------------------------------------------------------

Online Nano-RPLC was used on an Eksigent nanoLC-Ultra™ 2D System (AB SCIEX). The samples were re-suspended with Nano-RPLC buffer A (0.1% formic acid, 2% acetonitrile), loaded on a C18 nanoLC trap column (100 μm × 3 cm, C18, 3-μm particle size, 150 Å), and washed with Nano-RPLC buffer A at a flow rate of 2 μl/min for 10 min. A linear LC gradient profile was used to elute peptides from the analytical ChromXP C18 column (75 μm × 15 cm, C18, 3-μm particle size, 120 Å, Eksigent). The gradient began with 5% Nano-RPLC buffer B (0.1% formic acid, 98% acetonitrile) and rose to 35% within 70 min. Data acquisition was performed with a Triple TOF 5600 System (AB SCIEX, USA) fitted with a Nanospray III source (AB SCIEX, USA) and a pulled quartz tip as the emitter (New Objectives, USA). Data were acquired using an ion spray voltage of 2.5 kV, curtain gas of 30 PSI, nebulizer gas of 5 PSI, and an interface heater temperature of 150°C. For information dependent acquisition, survey scans were acquired in 250 ms, and as many as 35 product ion scans were collected if they exceeded a threshold of 150 counts per second (counts/s) with a 2+ to 5+ charge-state. The total cycle time was fixed to 2.5 s. A rolling collision energy setting was applied to all precursor ions for collision-induced dissociation.

Protein identification and quantification {#s4_8}
-----------------------------------------

Data was processed with ProteinPilot v.4.5 (AB SCIEX, USA) and a *Macaca mulatta* database using the Paragon algorithm \[[@R40]\]. Protein identification was performed with the search option "emphasis on biological modifications." The database search parameters were as follows: the instrument was TripleTOF 5600, iTRAQ 4-plex quantification, cysteine modified with iodoacetamide, biological modifications as the ID focus, trypsin digestion. An automatic decoy database search strategy was used to estimate the false discovery rate (FDR) using PSPEP (Proteomics System Performance Evaluation Pipeline) software, integrated with ProteinPilot. The FDR was calculated as the false-positive matches divided by the total matches. The iTRAQ 4-plex was chosen for protein quantification with unique peptides during the search. A total of 3789 proteins were identified and considered for further analysis. Proteins with corrected average fold changes of \>1.50 or \<0.67 and *p* \<0.05 were considered to be significantly differentially expressed.

Mice scrotal heat treatment {#s4_9}
---------------------------

To validate whether the differentially expressed proteins identified by the iTRAQ analysis showed the same pattern of change in mice before and after heat stress, we induced mice scrotal hyperthermia, as described in another study \[[@R41]\]. Briefly, 10 male adult ICR mice (8 to 9 weeks old) were used; 5 were subjected to scrotal heat treatment at 43°C for 30 min, and the other 5 were controls. All mice were anaesthetized with 1% pentobarbital sodium by intraperitoneal injection (50 mg/kg body weight). In the heat treatment group, the mice scrota were immersed in a thermostatically controlled water bath at 43°C for 30 min. The control mice were left at room temperature. After the heat treatment, the animals were dried and returned to their cages. The mice were sacrificed 12 h after heat treatment. One testis of each mouse was fixed in Bouin's solution for immunohistochemical examination, and the other testis was frozen in liquid nitrogen for western blot analysis.

Western blotting {#s4_10}
----------------

From the differentially expressed proteins, we selected the proteins PC4 and SFRS1 interacting protein 1 (PSIP1), Src-associated substrate in mitosis of 68 kDa (Sam68), cold-inducible RNA-binding protein (CIRBP), and decorin for western blotting to validate their expression levels in the monkey testes before and after hyperthermia. It should be noted that the western blot analysis was based on four individual subjects, not pooled tissue samples. Samples containing 40 μg total proteins were separated by 10% (PSIP1, Sam68, decorin) or 15% (CIRBP) SDS--PAGE. After transfer onto PVDF membranes by electroblotting, the proteins were then probed with the following primary antibodies: CIRBP polyclonal antibody (Abcam, ab106230, 1:1000 dilution), PSIP1 polyclonal antibody (Abcam, ab70641, 1:500 dilution), Sam68 polyclonal antibody (Abcam, ab86239, 1:1000 dilution), decorin polyclonal antibody (Abcam, ab35378, 1:1000 dilution), and GAPDH polyclonal antibody (Abcam, ab37168, 1:10000 dilution). After washing three times with TBST for 5 min, the membranes were incubated with appropriate horseradish peroxidase conjugated goat anti-rabbit (KPL, 074-1506, 1:10000 dilution), rabbit anti-goat (KPL, 14-13-06, 1:10000), or rabbit anti-sheep (Aspen, AS-1114, 1:10000) secondary antibodies. Specific proteins were detected using an ECL kit (Aspen) and exposed to film. The protein expression level was analyzed by AlphaEaseFC software (Alpha Innotech) and the data were normalized using GAPDH. N=4 at each time point.

Immunohistochemical analysis {#s4_11}
----------------------------

Paraffin-embedded sections from the monkey and mouse testis tissue before and after heat stress were used for immunohistochemical analysis. Briefly, after dewaxing and hydration, sections were treated with H~2~O~2~ to quench the endogenous peroxidase activity, blocked using a blocking serum and then incubated overnight at 4°C with primary antibodies to PSIPS (1:100), CIRBP (1:50), Sam68 (1:100), and decorin (1:100). The sections were then incubated with HRP-conjugated secondary antibodies (KPL, 1:400). Immunostaining was developed with a diaminobenzidine kit and counterstained with hematoxylin, and the sections were then dehydrated and mounted.

Statistical analysis {#s4_12}
--------------------

Sperm parameters, reproductive hormones, and relative protein expression levels are presented as mean ± SD. Sperm parameters and reproductive hormones after hyperthermia were compared with the baseline levels by means of a paired non-parametric Wilcoxon test. Histological parameters (diameter of seminiferous tubules and thickness of germinal epithelium) evaluated at each time points were compared using one-way ANOVA and the LSD test. Relative protein expression levels before and after hyperthermia were compared using the Mann--Whitney U-test. Statistical analysis was performed with SPSS 17.0 software (SPSS Inc., Chicago, IL, USA); a *p* level of less than 0.05 was considered to indicate statistical significance.

SUPPLEMENTARY MATERIALS FIGURE {#s5}
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